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a b s t r a c t
Pattern recognition receptors, such as retinoic acid-inducible protein I (RIG-I), Toll-like receptors 3 and 7
(TLR3 and 7), and nucleotide-binding oligomerization domain containing protein 2 (NOD2), play
important roles in the recognition of inﬂuenza A virus (IAV), but their role in interferon (IFN) induction
is still unclear, particularly in human lung. We investigated IFN induction by IAV in the A549 cell line as
well as in primary human alveolar epithelial cells (AEC). TLR3/7, NOD2, RIG-I, and IFN expression levels
were measured by qRT-PCR and ELISA in cells infected with IAV PR8. We found that TLR7 and NOD2
were not involved in IFN induction by IAV in these cells. Neither RIG-I nor TLR3 siRNA alone completely
blocked IFN induction. However, double knockdown of RIG-I and TLR3 completely inhibited IFN
induction by inﬂuenza. Thus, signaling through both RIG-I and TLR3 is important for IFN induction by
IAV in human lung AEC.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Inﬂuenza A virus (IAV) continues to pose an important public
health threat globally each year. The virus triggers intra- and
extracellular receptors during infection to elicit an innate immune
response that serves as a ﬁrst line of protection against intrusion
of any infectious pathogens. Induction of interferon (IFN) is a
critical component of the host response to inﬂuenza infection. IFNs
are further divided into type I (mainly IFN-α and β), II (IFN-γ) and
III (IFN-λ) subtypes, based in part on the differential use of unique
receptors through which they mediate signal transduction to
induce anti-viral activity. Rapid production of type I IFN and
recently discovered type III IFN is a central and essential compo-
nent of the anti-viral response (Kotenko et al., 2003; Stetson and
Medzhitov, 2006).
The innate immune receptors, which detect viral infection, are
called pattern recognition receptors (PRRs). Previous studies have
demonstrated that PRRs, such as retinoic acid-inducible protein I
(RIG-I), toll-like receptors 3 and 7 (TLR3 and 7), nucleotide-binding
oligomerization domain containing protein 2 (NOD2), all play impor-
tant roles in the recognition of IAV (Guo et al., 2007; Malathi et al.,
2007; Mibayashi et al., 2007; Sabbah et al., 2009; Thomas et al., 2009).
RIG-I is believed to play an important role in the recognition of, and
response to, IAV in most types of cells. RIG-I is a highly inducible
cytoplasmic RNA helicase that activates antiviral responses to IAV
leading to IFN production. RIG-I associates with and is activated by IAV
ssRNA, which is uncapped and has a 50-triphosphate moiety
(Pichlmair et al., 2006). Stimulation of RIG-I activates speciﬁc signaling
pathways that lead to activation of NF-κB which is crucial for
inﬂammatory cytokine induction, and/or IRF3/7 which are then
translocated into the nucleus where they act as transcription factors
for type I and III IFNs (Fitzgerald et al., 2003; Kotenko et al., 2003).
RIG-I interacts with mitochondrial antiviral signaling protein (MAVS,
also known as IPS-1), followed by the activation of IRF3/7 via TBK1-
and IKKi-dependent phosphorylation. Signaling events regulated by
RIG-I during IAV infection are important in the antiviral IFN response
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and for modulation, either directly or indirectly, of proinﬂammatory
cytokine responses. TLR3/7 trigger antiviral responses in a cell type-
speciﬁc manner. In humans, TLR7 expression is conﬁned to plasma-
cytoid dendritic cells (pDC) including those in human lung (Di
Domizio et al., 2009; Lund et al., 2004). Double-stranded RNA (dsRNA)
is produced during viral replication and is recognized by endosomal
TLR3 (Guillot et al., 2005). Le Gofﬁc reported that the sensing of IAV by
TLR3 primarily regulates a proinﬂammatory response, whereas RIG-I
mediates both a type I IFN-dependent antiviral signaling and a proin-
ﬂammatory response in human epithelial cells (Le Gofﬁc et al., 2007).
Epithelial cells are the primary site of viral replication for IAV,
although monocytes/macrophages and other leukocytes can also be
infected (Ronni et al., 1997; Wang et al., 2009). IAV infection of the
lower respiratory tract of lung is associated with very high morbidity
and mortality (Hers, 1966; Hers et al., 1958; Hers and Mulder, 1961).
This can progress to fatal pneumonia (Cox and Subbarao, 1999). The
interactions between host immune responses and IAV determine the
outcome of infection. Alveolar epithelial cells (AEC), located in the
lower respiratory tract, are comprised of two main cell types: type I
and type II AEC. IAV speciﬁc antigen has been found in both types of
AEC, as well as in alveolar macrophages. AEC respond in several ways
to limit viral spreading. The IFN responses are the central component
of innate immune control of viral infection. Once released, type I and
III IFNs bind to their respective receptors on the same and neighbor-
ing cells. Receptor engagement subsequently leads to the activation of
the IFN-stimulated regulatory factor 3 (ISGF3) transcription complex
(Kotenko et al., 2003). The activation of this transcriptional activator
complex leads to the increased expression of interferon-stimulated
genes (ISGs), including 20,50-oligoadenylate synthetase (OAS), Mx
proteins, and protein kinase R (PKR), inducing an antiviral state
(Zhou et al., 1999). PKR, OAS, and MxA have similar roles in their
ability to sense and degrade viral RNAs, and induce apoptosis of the
infected cells (Jewell et al., 2010; Stark et al., 1998).
We have shown that RIG-I is critical for the initiation of the
early antiviral cytokine response in the human lung using a human
lung organ culture model (Wu et al., 2010, 2011, 2012). We have
recently mastered the technique of isolation of highly puriﬁed
human AEC (Langer et al., 2012). In this study, we will use our
highly puriﬁed human AEC, as well as A549 cells, a widely used
in vitro model for human type II alveolar epithelial cells, to
examine the role of PRRs in the important type I and type III IFN
anti-viral responses to IAV.
Results
RIG-I and TLR3, but not TLR7 and NOD2, are induced by IAV infection
in A549 and type II AEC
We isolated and puriﬁed human AEC using standard methods
as previously described (Langer et al., 2012). Isolation of human
AEC is known to result in an initial culture consisting mainly of
surfactant-producing AEC II cells (Fig. 1A), which differentiate into
AEC I phenotype over 8–10 days in culture (Fig. 1B). Our isolated
AEC I-like cells expressed the tight junction component zonula
occludens-1 (ZO-1) (Fig. 1B). Differentiation of AEC II resulted in
detection of the purinergic receptor P2X7, which was previously
shown to be expressed primarily in rat AEC I (Chen et al., 2004).
Flow cytometry data of AEC staining with α-human P2X7 deter-
mined that 73.2% of cells were positive for P2X7 (Fig. 1D). In
subsequent experiments described below, AEC were cultured for
Fig. 1. Isolation and culture of primary human AEC. (A) Culture of isolated AEC cells at 4 days. The cells have AEC II morphology and produce surfactant, as expected.
Bar¼250 μm. (B) AEC II differentiate into AEC I-like cells. At 10 days in culture, cells show an increase in diameter, are conﬂuent in areas, exhibit an AEC I-like morphology,
and stain positive for the tight junction protein ZO-1. A representative ﬁeld is shown with ZO-1 stained using α-human ZO-1 antibody labeled with Alexa Fluor-488 (green)
and DNA stained with DAPI (blue). Bar¼100 μm. (C) AEC II identity is conﬁrmed by differentiation into primary human AEC I-like cells expressing the AEC I purinergic
receptor P2X7. A representative ﬁeld is shown with ZO-1 stained with α-human ZO-1 (green); DNA stained with DAPI (blue); and P2X7 stained with α-human purinergic
receptor P2X7 antibody labeled with Alexa Fluor-555 (red). (D) Representative ﬂow cytometry histogram of AEC staining with α-human P2X7 determined that 73.2% of cells
were positive for P2X7. Blue line, P2X7-FITC labeled cells; Red line, isotype control labeled cells. Bar¼100 μm.
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approximately four days before viral infection in order to study the
effects of IFN response to IAV in a primarily type II AEC phenotype.
To determine which PRRs are essential for the IFN response in
human lung alveolar epithelia, A549 cells were infected by IAV PR8
at the MOI of 1. Viral diluent (PBS) was used for mock infection.
After 24 h, RIG-I, TLR3, TLR7 and NOD2 mRNA induction in
collected cells were assessed by qRT-PCR. PR8 infection of A549
cells (Fig. 2A) caused a 49 and 13 fold increase above mock-
infected cells for RIG-I and TLR3 mRNA, respectively. There was
minimum mRNA induction for TLR7 and NOD2. As A549 cells were
originally derived from an alveolar adenocarcinoma, it cannot be
excluded that they respond differently to external stimuli than
primary cells. Therefore, to put our results with A549 cells into
perspective, we repeated the experiments with our isolated
primary human type II AEC. Similar to A549 cells, PR8 infection
of AEC (Fig. 2B) caused a 27 and 12 fold increase above mock-
infected cells for RIG-I and TLR3 mRNA, respectively. TLR7 and
NOD2 were not induced by IAV in these cells. A dose response
curve using different MOI of PR8 on A549 cells demonstrated that
RIG-I and TLR3 mRNA induction was increased when higher IAV
amounts were added to the cells, but TLR7 and NOD2 induction
did not occur at any IAV dose (Fig. 2C, and TLR7, NOD2 not shown).
These experiments suggest that RIG-I and TLR3 gene expression is
likely necessary for the cytokine response to IAV PR8 in human
AEC, while TLR7 and NOD2 are not involved in the response in
human lung alveolar epithelia.
Type III IFNs are the major antiviral cytokines induced by IAV
infection in A549 and type II AEC
In order to determine the major IFN induced by IAV, IFN sub-
type and antiviral cytokine IP-10 gene expression was assessed in
PR8 infected A549 cells. Although IFN-β mRNA was signiﬁcantly
induced by the virus, 27 fold over mock, IFN-λ1 and IFN-λ2/3 were
induced to a much greater degree at 375 and 587 fold over mock,
respectively (Fig. 3A). Again, we repeated the experiments with
primary human type II AEC. PR8 infection induced IFN-β mRNA
7 fold over mock. However, IFN-λ1and IFN-λ2/3 induction was
more signiﬁcant, and had a 63 and 27 fold increase over mock,
respectively (Fig. 3B). In the same experiment, IP-10 mRNA
induction in A549 and primary AEC was 45 and 18 fold increase
over mock, respectively.
To conﬁrm the result, we determined the IFN protein level in
the supernatant of cultured cells. We were not able to detect any
IFN-β protein in the supernatants using ELISA. Since the detection
range of the ELISA is between 60 and 4000 pg/ml, the concentra-
tion of IFN-β is below 60 pg/ml in the supernatants. IFN-λ2/3
protein was signiﬁcantly increased in the supernatants at 190 and
290 pg/ml from A549 and AEC, respectively (Fig. 4A). The other
important antiviral cytokine IP-10 was also detected in the super-
natant at 163 and 142 pg/ml in A549 and AEC, respectively
Fig. 2. RIG-I and TLR3, but not TLR7 and NOD2, are induced by inﬂuenza virus
infection in A549 (A), type II AEC (B), and (C) PR8 Dose Response. After infection of
A549 or AEC cells with IAV PR8 at an MOI of 1 for 24 h (A and B), total RNA was
extracted and cell PRR mRNA expression was assessed by qRT-PCR. (C) A549 cells
were infected by PR8 at increasing MOIs. Transcript levels of PRR were normalized
relative to the constitutively expressed β-actin gene. Data were expressed as the
means7SEM from three separate experiments. Statistical signiﬁcance was deter-
mined by ANOVA. *denotes signiﬁcant difference compared to data from the mock
treated group, Po0.05.
Fig. 3. Type III IFNs are the major antiviral cytokines induced by inﬂuenza virus
infection in A549 (A) and type II AEC (B). After infection of A549 or AEC cells with
inﬂuenza virus PR8 at the MOI of 1 for 24 h, total RNA was extracted and cell
cytokine mRNA expression was assessed by qRT-PCR. Transcript levels of the
cytokines were normalized relative to the constitutively expressed β-actin gene.
Data were expressed as the means7SEM from three separate experiments.
Statistical signiﬁcance was determined by ANOVA. * denotes signiﬁcant difference
compared to data from the mock treated group, Po0.05. # denotes signiﬁcant
difference between the indicated groups, Po0.05.
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(Fig. 4B). In terms of the interferon response to IAV infection, these
results demonstrate that type III IFN- λ responses are more promi-
nent than type I IFN responses in human AEC.
Both RIG-I and TLR3 are required for IFN mRNA induction by IAV in
human lung epithelial cells
In order to speciﬁcally silence RIG-I and TLR3 mRNA production
in previously transfected A549 cells, we made use of siRIG-I and
siTLR3 to knock down gene expression of these PRRs. First, we
tested the inhibition efﬁciency of siRNA against RIG-I and TLR3.
RIG-I and TLR3 mRNA induction by PR8 was blocked 89% and
85%, respectively, in the corresponding siRNA treated cells (Fig. 5A
and B). We also conﬁrmed RIG-I protein knockdown using western
blot in the siRIG-I treated cells (Fig. 5C).
With regards to the role of speciﬁc PRR activation in cytokine
induction, IFN-β mRNA induction was decreased only 55% in RIG-I
siRNA treated cells compared to control siRNA treated cells (Fig. 6A).
Surprisingly, IFN-βmRNA induction in TLR3 siRNA treated cells only
showed 14% decrease compared to control siRNA treated cells.
Similarly, IFN-λ1 mRNA induction in RIG-I and TLR3 single
siRNA treated cells was decreased 75% and 41%, respectively,
compared to control siRNA treated cells (Fig. 6B). Thus, single
siRNA treatment of the cells did not completely block IFN produc-
tion. However, double knockdown of RIG-I and TLR3 almost
completely blocked the IFN induction by IAV, with 93% and 88%
reduction of IFN-λ1 and IFN-β mRNA induction, respectively.
Regarding IFN-λ2/3, IFN-λ2/3 mRNA induction by PR8 appeared
to be inhibited to a greater degree by double knockdown of RIG-I
and TLR3 than by single knockdown of either PRR although the
difference did not reach statistical signiﬁcance (Fig.6C). The results
suggested that either RIG-I or TLR3 initiated IFN mRNA induction
during IAV infection. For maximum induction of IFN, both RIG-I
and TLR3 were required to be activated.
We conﬁrmed the IFN-λ1 and 2/3 induction at level of transla-
tion using ELISA. The protein levels for the most part reﬂected
mRNA expression with a few differences. For instance, IFN-λ1
protein in the supernatant was not inhibited by TLR3 siRNA,
suggesting there may be a role for posttranscriptional regulation
of IFN-λ1 by TLR3. However, IFN-λ protein induction by IAV also
required both RIG-I and TLR3 activation, as knockdown of both
PRRs further inhibited IFN-λ (Fig. 7).
Both RIG-I and TLR3 contribute to activation of interferon regulatory
factor 3 (IRF3) during IAV infection of human lung epithelial cells
Inﬂuenza virus-activated RIG-I binds to its adapter, MAVS, and
activates speciﬁc signaling pathways that lead to phosphorylation
of interferon regulatory factor 3 (IRF3) and subsequent production
of type I and III IFN. The phosphorylated IRF3 (phospho-IRF3) then
homodimerizes and enters the nucleus to activate IFN in a highly
cooperative manner with NF-κB (Seth et al., 2005; Wu et al., 2011).
Thus, IRF3 is a major regulator of IFN production at the level of
transcription. We examined phospho-IRF3 and total IRF3 protein
Fig. 4. IFN-λ 2/3 (A) and IP-10 (B) are the major antiviral cytokines detected in the
supernatant of inﬂuenza virus infected A549 and type II AEC. After infection of
A549 or AEC cells with inﬂuenza virus PR8 at the MOI of 1 for 24 h, supernatants
were collected and cytokine expression was assessed by ELISA. Data were
expressed as the means7SEM from three separate experiments. Statistical sig-
niﬁcance was determined by ANOVA. * denotes signiﬁcant difference compared to
data from the mock treated group, Po0.05.
Fig. 5. Speciﬁc siRNA knocked down inﬂuenza-mediated RIG-I (A) and TLR3 mRNA
(B) induction. A549 cells were ﬁrst transfected with RIG-I or TLR3 siRNA for three
days and then infected with inﬂuenza virus PR8 at a MOI of 1 for 24 h. Total RNA
was extracted and mRNA expression was assessed by qRT-PCR. Transcript levels of
mRNA were normalized relative to the constitutively expressed β-actin gene.
(C) RIG-I protein in cells was detected by immunoblotting, normalized to GAPDH.
Data were expressed as the means7SEM from three separate experiments.
Statistical signiﬁcance was determined by ANOVA. * denotes signiﬁcant difference
compared to data from the mock treated group, Po0.05.
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levels by immunoblotting in siRNA treated IAV infected A549 cells.
Phosphorylation of IRF3 occurred after IAV PR8 infection in control
siRNA treated cells. The amount of phospho-IRF3 was reduced by
RIG-I and TLR3 single siRNA treatment. However, maximal inhibi-
tion of IRF3 phosphorylation occurred only when RIG-I and TLR3
double knockdown was performed (Fig. 8). Thus, induction of the
downstream pathway leading to IFN production involves both
RIG-I and TLR3.
Discussion
Interaction of IAV with the innate immune system involves the
induction of multiple PRR pathways triggered simultaneously by
various pathogen-associated molecular patterns (PAMP) and dif-
ferent life cycles of the virus. RIG-I is identiﬁed as the central
regulator of IAV-induced expression of antiviral cytokines in
human lung epithelial cells (Matikainen et al., 2006). TLR3, in
contrast, triggers proinﬂammatory cytokines in response to IAV in
epithelial cells (Le Gofﬁc et al., 2007). The detrimental contribu-
tion of TLR3 is supported by an animal experiment showing that
TLR3-deﬁcient mice survive longer than wild-type mice following
lethal IAV infection likely due to TLR3 induction of uncontrolled
inﬂammation (Le Gofﬁc et al., 2006). It is known that TLR3 is
highly expressed in mouse innate immune cells, but has a low
level of expression in human monocytes, macrophages and den-
dritic cells (DC) (Heinz et al., 2003). This may be responsible for
conﬂicting results demonstrated in studies examining the role of
TLR3 in the innate immune response using human and mouse
models. Here, we have demonstrated that RIG-I and TLR3 are the
two major PRRs induced by IAV infection in human A549 and type
II AEC. Single knockdown of either RIG-I or TLR3 does not
completely abolish IFN induction. Similarly, Slater and colleagues
also found that inhibition of TLR3 and RIG-I by siRNA reduced IFN
induction using rhinovirus infected human primary bronchial
Fig. 6. Both RIG-I and TLR3 are required for IFN mRNA induction by inﬂuenza virus
in human lung epithelial cells. A549 cells were ﬁrst transfected with RIG-I or TLR3
siRNA for three days and then infected with inﬂuenza virus PR8 at the MOI of 1 for
24 h. Total RNA was extracted and mRNA expression was assessed by qRT-PCR.
Transcript levels of mRNA were normalized relative to the constitutively expressed
β-actin gene. Data were expressed as the means7SEM from three separate
experiments. Statistical signiﬁcance was determined by ANOVA. * denotes sig-
niﬁcant difference compared to data from the mock treated group, Po0.05.
# denotes signiﬁcant difference between the indicated groups, Po0.05.
Fig. 7. Both RIG-I and TLR3 are required for IFN-λ1 (A) and 2/3 (B) protein induction
by inﬂuenza virus in human lung epithelial cells. A549 cells were ﬁrst transfected
with RIG-I or TLR3 siRNA for three days and then infected with inﬂuenza virus PR8 at
an MOI of 1 for 24 h. Supernatants were collected and cytokine expression was
assessed by ELISA. Data were expressed as the means7SEM from three separate
experiments. Statistical signiﬁcance was determined by ANOVA.
Fig. 8. Both RIG-I and TLR3 contribute to activation of interferon regulatory factor 3
(IRF3) during IAV infection in human lung epithelial cells. A549 cells were ﬁrst
transfected with RIG-I or TLR3 siRNA for three days and then infected with
inﬂuenza virus PR8 at a MOI of 1 for 24 h. IRF3 phosphorylation in cells was
detected by immunoblotting, normalized to GAPDH.
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epithelial cells (Slater et al., 2010). Our data differs in that we did
not ﬁnd that TLR3 induces RIG-I gene and protein expression. The
data suggest that the possible interaction of RIG-I or TLR3 signal-
ing pathways against IAV might be potentiating (synergistic),
instead of weakening (hampering), in human AEC. Either of them
may function as a backup for antiviral immunity when the other
signaling mechanism is shut down. Single knockdown of TLR3 did
not have as strong an effect on IFN induction as knockdown of
RIG-I. There are two possibilities. First, TLR3 may play a lesser role
in sensing ﬂu as RIG-I. Alternately, RIG-I silencing overall may be
more efﬁcient than TLR3 silencing although this was not reﬂected
at the level of transcription in the RIG-I and TLR3 mRNA assays.
All type I IFNs bind to a speciﬁc cell surface receptor complex
known as the IFN-α receptor (IFNAR). Type III IFNs signal through
a heterodimeric cell surface receptor composed of two chains:
IFNLR1 and IL10R2 (Kotenko et al., 2003; Sheppard et al., 2003).
The IFNAR complex is present on most if not all nucleated cells,
whereas expression of the IFNLR1 subunit seems to be restricted
to cells of epithelial origin (Brand et al., 2005). Consequently,
antiviral protection by type I IFN is observed in most cell types,
whereas antiviral protection mediated by type III IFN is restricted
to cells that express functional IFNLR1/IL10R2 complexes. Recent
experiments suggest that epithelial cells are the main targets of
type III IFN in the mouse (Sommereyns et al., 2008). An important
issue to be addressed currently is whether type III IFN might serve
a similar role in human epithelial cells as in mice. When type I and
type III IFN receptors are expressed by a single cell line, triggering
either receptor complex leads to the upregulation of the same set
of ISGs (Zhou et al., 2007). Therefore, a major question is which
types of IFNs are more redundantly produced in humans. In this
report, we demonstrate that type III IFNs (IFN λ1 and λ2/3) are the
major antiviral cytokines induced by IAV infection in human AEC.
Combined with earlier reports from other investigators, type III
IFNs are likely the principal IFNs produced during innate
responses to RNA viruses in human respiratory epithelia (Khaitov
et al., 2009; Wang et al., 2009). The results suggest that human
AEC might play a vitally important role in detection (through RIG-I
and TLR3) and elimination (through type III IFN) of IAV.
Taken together, we have found that IAV-induced antiviral IFN
responses require both RIG-I and TLR3 induction in human lung
epithelia. TLR3 and RIG-I cooperate in mediating innate antiviral
IFN responses in human AEC cells, which may contribute to the
defense of the lung against viral infections. More work is needed
in the future to address whether RIG-I and TLR3 compensation
plays a role in inﬂuenza infection.
Materials and methods
Cell culture
The human pulmonary epithelial cell line, A549, was obtained
from the American Type Culture Collection (ATCC, Manassas, Va.,
CCL-185). The A549 cell line has the characteristics of alveolar type
II cells. A549 cells were propagated in Dulbecco0s modiﬁed Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM
L-glutamine, and 80 mg of gentamicin/ml.
Isolation of primary pneumocytes
One lobe of human lung obtained from the National Disease
Research Interchange (NDRI, Philadelphia, PA) or the International
Institute for the Advancement of Medicine (IIAM, Jessup, PA) under a
protocol approved by the University of Oklahoma Health Sciences
institutional review board, was perfused with 2 L Plasma-Lyte A
Injection (Baxter Healthcare Corp., Deerﬁeld, IL) followed by lavage
with 2 L physiological saline containing 100 mg/ml of crude DNase
from bovine pancreas (Sigma-Aldrich Co., St. Louis, MO). Approxi-
mately 55 g of tissue were injected with a digestion solution
comprised of 8 U/ml porcine elastase (Wothington Biochemical Corp,
Lakewood, NJ) and 150 KU/ml DNase in 150 ml Hanks Balanced Salt
Solution (HBSS) without Ca2þ , Mg2þ or phenol red (Mediatech, Inc.,
Manassas, VA). After incubation at 37 1C for 60 min in a shaking
water bath, the enzyme was inactivated by addition of 48 ml
HyClone FBS (Thermo Fisher Scientiﬁc, Inc., Waltham, MA) plus
200 mg DNase. The softened tissue was cut into ﬁne bits, and the
slurry was passed sequentially through 1-ply gauze, 2-ply gauze,
150 mm mesh (Small Parts, Inc., Logansport, IN), and 30 mm mesh.
Following concentration into 40 ml plain DMEM, 150 mg/ml DNase,
cells were panned for 60 min at 37 1C in 2T-175 ﬂasks previously
coated with 20 mg/cm2 human IgG. Unattached cells were pelleted
and resuspended in DMEM/DNase solution, and 2 ml were overlayed
into each of 430 ml Corex tubes, all containing 11 ml of Percoll
solution ρ¼1.040 layered over 11 ml ρ¼1.089 (GE Healthcare
Biosciences, Piscataway, NJ). The gradient was formed by centrifuga-
tion at 400 g for 20 min, 16 1C, without braking. The predominant
band was negatively selected against CD45þ Dynabeads (Invitrogen
Corp., Carlsbad, CA) for 40 min at 4 1C. Average yield was 5.7107
live, single cells with 91% viability.
All cells were grown in AEC media consisting of DMEM, 10%
Hyclone FBS, 1% pen/strep/Amphotericin B (Mediatech, Inc., Man-
assas, VA), 0.5 mg/100 ml vancomycin, and 1.0 mg/100 ml ceftazi-
dime (both from Sigma-Aldrich Co., St. Louis, MO). Media was
changed every 2 days. Freshly cultured cells were used for all
experiments because freezing, storage and thawing led to low
recovery of viable cells.
Preparation of inﬂuenza virus stock
H1N1 inﬂuenza virus, A/PR/34/8 (PR8), was passaged in
Madin–Darby canine kidney (MDCK) cells. Virus was grown in
MDCK cells in DMEM/F12 with ITSþ (BD Biosciences, Franklin
Lakes, NJ) and trypsin, harvested at 72 h postinfection and titered
by plaque assay in MDCK cells. There was no detectable endotoxin
in the ﬁnal viral preparations used in the experiments as deter-
mined by limulus amebocyte lysate assay (Cambrex, Walkersville,
MD). The lower limit of detection of this assay is 0.1 EU/ml or
approximately 20 pg/ml LPS.
siRNA transfection into A549 cells
For siRNAs treatment, A549 cells were plated 24 h before
treating with siRNAs (100 nM; Ambion). siRNA was diluted in
250 ml of Opti-MEM medium and mixed gently. 5 ml of Lipofecta-
mine 2000 (Invitrogen) were added in 250 ml Opti-MEM medium
and incubated for 5 min. Diluted siRNA and Lipofectamine 2000
were combined and mixed gently and incubated for 20 min at RT.
The siRNA-Lipofectamine 2000 complexes were added to each well
and mixed gently. siRNA ﬁnal concentration was 100 nM. The cells
were incubated at 37 1C for 24 h. On-target plus siRNA to human
RIG-I was from Thermo Scientiﬁc Dharmacon (Cat#J-012511-08).
TLR3 silencer select siRNA was from Ambion (Cat#4390824).
Measurement of mRNA expression by quantitative real-time PCR
(qRT-PCR)
Total RNA from cells was extracted using a modiﬁed TRIzol
(Invitrogen, Carlsbad, CA) protocol, spectrophometrically quantitated,
and the integrity veriﬁed by formaldehyde agarose gel electrophor-
esis. Equal amounts (1 mg) of RNA from each sample were used with
oligo (dT) as primers for production of cDNA (SuperScript II First-
Strand Synthesis System for RT-PCR, Invitrogen, Carlsbad, CA). Gene
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speciﬁc primers for the PRRs, cytokines and the β-actin house-
keeping genes were used. qRT-PCR was performed using 100 ng
sample RNA and SYBR Green (Quanta Biosciences, Gaithersburg, MD)
in a Bio-Rad CFX96™ Touch Real-Time PCR Detection System. Results
were calculated and graphed from the ΔCT of the target gene and
normalizer. The primers' sequences were as follows: RIG-I forward
50-TCCTTTATGAGTATGTGGGCA-30; RIG-I reverse 50-TCGGGCACAGAA-
TATCTTTG-30; IFN-β forward 50-GCTCTCCTGTTGTGCTTCTCCAC-30;
IFN-β reverse 50-CAATAGTCTCATTCCAGCCAGTGC-30; β-actin forward
50-GCCAACCGCGAGAAGATGACC-30; β-actin reverse 50-CTCCTTAATG-
TCACGCACGATTTC-30; TLR3 forward 50–GTCTGGGAACATTTCTCTTC-
30; TLR3 reverse 50–GATTTAAACATTCCTCTTCGC-30; NOD2 forward
50–GAAGTACATCCGCACCGAG-30; NOD2 reverse 50-GACACCATCCAT-
GAGAAGACAG-30; TLR7 forward 50-TGGAAATTGCCCTCGTTGTT -30;
TLR7 reverse 50-GTCAGCGCATCAAAAGCATT-30; IFN-λ1 forward 50-
CGCCTTGGAAGAGTCACTCA-30; IFN-λ1 reverse 50-GAAGCCTCAGGTC-
CCAATTC-30; IFN-λ2/3 forward 50-AGTTCCGGGCCTGTATCCAG-30;
IFN-λ2/3 reverse 50-GAGCCGGTACAGCCAATGGT-30; IP-10 forward
50–TCTAGAACCGTACGCTGTACCTGC-30; IP-10 reverse 50-CTGGTTTTA-
AGGAGATCT-30.
ELISA and multiplex immunoassay
ELISAs of IP-10 and IFN-β, λ1, λ2/3 cytokine protein levels in the
supernatants were all performed using commercially available kits
(R&D system, Minneapolis, MN).
RIG-I and IRF3 protein determination by immunoblotting
The cells were harvested and homogenized, and then lysed in
500 ml of cold lysis buffer (150 mM NaCl, 50 mM Tris,pH 8.0,
10 mM EDTA, NaF, sodium pyrophosphate, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 10 mg of leupeptin/ml). Cell homogenates
were clariﬁed by centrifugation at 10,000 g, at 4 1C for 10 min,
and the clariﬁed lysates were mixed with SDS-PAGE sample buffer
(60 mM Tris,pH 6.8, 10% glycerol, 2.3% SDS) and heated to 95 1C for
5 min. The samples were separated by 4–15% gradient gel and
electrophoretically transferred to polyvinylidene ﬂuoride (PVDF)
membranes. For the detection of proteins, the membranes were
immunoblotted with rabbit polyclonal antibody speciﬁc for RIG-I,
phospho-IRF3, total IRF3 (Abcam, Cambridge, MA) and GAPDH
(R&D Systems). The membranes were viewed with horseradish
peroxidase-labeled goat anti-rabbit IgG (Cell Signaling Technology,
Beverly, MA) and chemiluminescent reagents (Pierce Biotechnol-
ogy, Rockford, IL). Blots were developed using the Syngene G:box
Bioimaging System and GeneTools software (Syngene, Frederick,
MD) and quantiﬁed using ImageQuant software (BD/Molecular
Dynamics, Bedford, MA).
Statistical analysis
Where applicable, the data have been expressed as the mean-
s7standard error of the mean (SEM). Statistical signiﬁcance was
determined by one-way ANOVA with Student-Newman-Keuls
post-hoc correction for multiple comparisons. Signiﬁcance was
considered as Po0.05.
Disclosures
The authors have no ﬁnancial conﬂicts of interest.
Acknowledgments
The research described in this work was partially supported by
a pilot grant from the National Institute of Allergy and Infectious
Diseases, Project 5U19AI062629 (to W. W.), by a Clinical Innovator
Award from the Flight Attendant Medical Research Institute, by the
Merit Review Program of the Department of Veterans Affairs, the
National Institutes of Health (1 I01 BX001937), and by the National
Institute of Allergy and Infectious Diseases, Project 5U19 AI62629
(to J.P.M.).
References
Brand, S., Beigel, F., Olszak, T., Zitzmann, K., Eichhorst, ST., Otte, JM., Diebold, J.,
Diepolder, H., Adler, B., Auernhammer, CJ., Goke, B., Dambacher, J., 2005. IL-28A
and IL-29 mediate antiproliferative and antiviral signals in intestinal epithelial
cells and murine CMV infection increases colonic IL-28A expression. Am.
J. Physiol. Gastrointest. Liver Physiol. 289, G960–G968.
Chen, Z., Jin, N., Narasaraju, T., Chen, J., McFarland, L.R., Scott, M., Liu, L., 2004.
Identiﬁcation of two novel markers for alveolar epithelial type I and II cells.
Biochem. Biophys. Res. Commun. 319, 774–780.
Cox, NJ., Subbarao, K., 1999. Inﬂuenza. Lancet 354, 1277–1282.
Di Domizio, J., Blum, A., Gallagher-Gambarelli, M., Molens, JP., Chaperot, L., Plumas,
J., 2009. TLR7 stimulation in human plasmacytoid dendritic cells leads to the
induction of early IFN-inducible genes in the absence of type I IFN. Blood 114,
1794–1802, Epub 2009 Jun 1724..
Fitzgerald, KA., McWhirter, SM., Faia, K.L., Rowe, DC., Latz, E., Golenbock, DT., Coyle,
AJ., Liao, SM., Maniatis, T., 2003. IKKepsilon and TBK1 are essential components
of the IRF3 signaling pathway. Nat. Immunol. 4, 491–496.
Guillot, L., Le Gofﬁc, R., Bloch, S., Escriou, N., Akira, S., Chignard, M., Si-Tahar, M.,
2005. Involvement of toll-like receptor 3 in the immune response of lung
epithelial cells to double-stranded RNA and inﬂuenza A virus. J. Biol. Chem. 280,
5571–5580.
Guo, Z., Chen, LM., Zeng, H., Gomez, JA., Plowden, J., Fujita, T., Katz, JM., Donis, RO.,
Sambhara, S., 2007. NS1 protein of inﬂuenza A virus inhibits the function of
intracytoplasmic pathogen sensor, RIG-I. Am. J. Respir. Cell .Mol. Biol. 36,
263–269.
Heinz, S., Haehnel, V., Karaghiosoff, M., Schwarzﬁscher, L., Muller, M., Krause, SW.,
Rehli, M., 2003. Species-speciﬁc regulation of Toll-like receptor 3 genes in men
and mice. J. Biol. Chem. 278, 21502–21509, Epub 22003 Apr 21502.
Hers, JF., 1966. Disturbances of the ciliated epithelium due to inﬂuenza virus. Am.
Rev. Respir. Dis. 93 (Suppl.), 162–177.
Hers, JF., Mulder, J., 1961. Broad aspects of the pathology and pathogenesis of
human inﬂuenza. Am. Rev. Respir. Dis. 83 (2), 84–97, Pt.
Hers, JF., Masurel, N., Mulder, J., 1958. Bacteriology and histopathology of the
respiratory tract and lungs in fatal Asian inﬂuenza. Lancet 2, 1141–1143.
Jewell, NA., Cline, T., Mertz, SE., Smirnov, SV., Flano, E., Schindler, C., Grieves, JL.,
Durbin, RK., Kotenko, SV., Durbin, JE., 2010. Lambda interferon is the predomi-
nant interferon induced by inﬂuenza A virus infection in vivo. J. Virol. 84,
11515–11522.
Khaitov, MR., Laza-Stanca, V., Edwards, MR., Walton, RP., Rohde, G., Contoli, M.,
Papi, A., Stanciu, LA., Kotenko, SV., Johnston, SL., 2009. Respiratory virus
induction of alpha-, beta- and lambda-interferons in bronchial epithelial cells
and peripheral blood mononuclear cells. Allergy 64, 375–386.
Kotenko, SV., Gallagher, G., Baurin, VV., Lewis-Antes, A., Shen, M., Shah, NK., Langer,
JA., Sheikh, F., Dickensheets, H., Donnelly, RP., 2003. IFN-lambdas mediate
antiviral protection through a distinct class II cytokine receptor complex. Nat.
Immunol. 4, 69–77.
Langer, M., Duggan, ES., Booth, JL., Patel, VI., Zander, RA., Silasi-Mansat, R., Ramani,
V., Veres, TZ., Prenzler, F., Sewald, K., Williams, DM., Coggeshall, KM., Awasthi,
S., Lupu, F., Burian, D., Ballard, JD., Braun, A., Metcalf, JP., 2012. Bacillus anthracis
lethal toxin reduces human alveolar epithelial barrier function. Infect. Immun.
80, 4374–4387.
Le Gofﬁc, R., Balloy, V., Lagranderie, M., Alexopoulou, L., Escriou, N., Flavell, R.,
Chignard, M., Si-Tahar, M., 2006. Detrimental contribution of the Toll-like
receptor (TLR)3 to inﬂuenza A virus-induced acute pneumonia. PLoS Pathog. 2,
e53, Epub 2006 Jun 2009..
Le Gofﬁc, R., Pothlichet, J., Vitour, D., Fujita, T., Meurs, E., Chignard, M., Si-Tahar, M.,
2007. Cutting Edge: Inﬂuenza A virus activates TLR3-dependent inﬂammatory
and RIG-I-dependent antiviral responses in human lung epithelial cells.
J. Immunol. 178, 3368–3372.
Lund, JM., Alexopoulou, L., Sato, A., Karow, M., Adams, NC., Gale, NW., Iwasaki, A.,
Flavell, RA., 2004. Recognition of single-stranded RNA viruses by Toll-like
receptor 7. Proc. Natl. Acad. Sci USA 101, 5598–5603, Epub 2004 Mar 5519..
Malathi, K., Dong, B., Gale Jr., M., Silverman, RH., 2007. Small self-RNA generated by
RNase L ampliﬁes antiviral innate immunity. Nature 448, 816–819, Epub 2007
Jul 2025.
Matikainen, S., Siren, J., Tissari, J., Veckman, V., Pirhonen, J., Severa, M., Sun, Q., Lin,
R., Meri, S., Uze, G., Hiscott, J., Julkunen, I., 2006. Tumor necrosis factor alpha
enhances inﬂuenza A virus-induced expression of antiviral cytokines by
activating RIG-I gene expression. J. Virol. 80, 3515–3522.
W. Wu et al. / Virology 482 (2015) 181–188 187
Mibayashi, M., Martinez-Sobrido, L., Loo, YM., Cardenas, WB., Gale Jr., M., Garcia-
Sastre, A., 2007. Inhibition of retinoic acid-inducible gene I-mediated induction
of beta interferon by the NS1 protein of inﬂuenza A virus. J. Virol. 81, 514–524,
Epub 2006 Nov 2001..
Pichlmair, A., Schulz, O., Tan, CP., Naslund, TI., Liljestrom, P., Weber, F., Reis e Sousa,
C., 2006. RIG-I-mediated antiviral responses to single-stranded RNA bearing
50-phosphates. Science 314, 997–1001, Epub 2006 Oct 1012.
Ronni, T., Matikainen, S., Sareneva, T., Melen, K., Pirhonen, J., Keskinen, P., Julkunen,
I., 1997. Regulation of IFN-alpha/beta, MxA, 20 ,50-oligoadenylate synthetase, and
HLA gene expression in inﬂuenza A-infected human lung epithelial cells.
J. Immunol. 158, 2363–2374.
Sabbah, A., Chang, TH., Harnack, R., Frohlich, V., Tominaga, K., Dube, PH., Xiang, Y.,
Bose, S., 2009. Activation of innate immune antiviral responses by Nod2. Nat.
Immunol. 10, 1073–1080, Epub 2009 Aug 1023.
Seth, RB., Sun, L., Ea, CK., Chen, ZJ., 2005. Identiﬁcation and characterization of
MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB and
IRF 3. Cell 122, 669–682.
Sheppard, P., Kindsvogel, W., Xu, W., Henderson, K., Schlutsmeyer, S., Whitmore,
TE., Kuestner, R., Garrigues, U., Birks, C., Roraback, J., Ostrander, C., Dong, D.,
Shin, J., Presnell, S., Fox, B., Haldeman, B., Cooper, E., Taft, D., Gilbert, T., Grant,
FJ., Tackett, M., Krivan, W., McKnight, G., Clegg, C., Foster, D., IL-28, Klucher KM.,
2003. IL-29 and their class II cytokine receptor IL-28R. Nat. Immunol. 4, 63–68.
Slater, L., Bartlett, NW., Haas, JJ., Zhu, J., Message, SD., Walton, RP., Sykes, A.,
Dahdaleh, S., Clarke, DL., Belvisi, MG., Kon, OM., Fujita, T., Jeffery, PK., Johnston,
SL., Edwards, MR., 2010. Co-ordinated role of TLR3, RIG-I and MDA5 in the
innate response to rhinovirus in bronchial epithelium. PLoS Pathog. 6,
e1001178.
Sommereyns, C., Paul, S., Staeheli, P., Michiels, T., 2008. IFN-lambda (IFN-lambda) is
expressed in a tissue-dependent fashion and primarily acts on epithelial cells
in vivo. PLoS Pathog. 4, e1000017.
Stark, GR., Kerr, IM., Williams, BR., Silverman, RH., Schreiber, RD., 1998. How cells
respond to interferons. Annu. Rev. Biochem. 67, 227–264.
Stetson, DB., Medzhitov, R., 2006. Type I interferons in host defense. Immunity 25,
373–381.
Thomas, PG., Dash, P., Aldridge Jr., JR., Ellebedy, AH., Reynolds, C., Funk, AJ., Martin,
WJ., Lamkanﬁ, M., Webby, RJ., Boyd, KL., Doherty, PC., Kanneganti, TD., 2009.
The intracellular sensor NLRP3 mediates key innate and healing responses to
inﬂuenza A virus via the regulation of caspase-1. Immunity 30, 566–575, Epub
2009 Apr 2009.
Wang, J., Oberley-Deegan, R., Wang, S., Nikrad, M., Funk, CJ., Hartshorn, KL., Mason,
RJ., 2009. Differentiated human alveolar type II cells secrete antiviral IL-29 (IFN-
lambda 1) in response to inﬂuenza A infection. J. Immunol. 182, 1296–1304.
Wu, S., Metcalf, JP., Wu, W., 2011. Innate immune response to inﬂuenza virus. Curr.
Opin. Infect. Dis. 24, 235–240.
Wu, W., Booth, JL., Duggan, ES., Wu, S., Patel, KB., Coggeshall, KM., Metcalf, JP., 2010.
Innate immune response to H3N2 and H1N1 inﬂuenza virus infection in a
human lung organ culture model. Virology 396, 178–188, Epub 2009 Nov 2012.
Wu, W., Patel, KB., Booth, JL., Zhang, W., Metcalf, JP., 2011. Cigarette smoke extract
suppresses the RIG-I-initiated innate immune response to inﬂuenza virus in the
human lung. Am. J. Physiol. Lung Cell. Mol. Physiol. 300, L821–L830.
Wu, W., Zhang, W., Booth, JL., Metcalf, JP., 2012. Inﬂuenza A(H1N1)pdm09 Virus
Suppresses RIG-I Initiated Innate Antiviral Responses in the Human Lung. PLoS
One 7, e49856.
Zhou, A., Paranjape, JM., Der, SD., Williams, BR., Silverman, RH., 1999. Interferon
action in triply deﬁcient mice reveals the existence of alternative antiviral
pathways. Virology 258, 435–440.
Zhou, Z., Hamming, OJ., Ank, N., Paludan, SR., Nielsen, AL., Hartmann, R., 2007. Type
III interferon (IFN) induces a type I IFN-like response in a restricted subset of
cells through signaling pathways involving both the Jak–STAT pathway and the
mitogen-activated protein kinases. J. Virol. 81, 7749–7758.
W. Wu et al. / Virology 482 (2015) 181–188188
